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SIIVE’Lll?lEDTHEORYFCRDYNAMICREUWIONC@

RAMJETPRESSURESANDFUELFLOW

By HerbertG? HurreU.

SUMMARY

An analysisismadeto determine,forcontroldesignpurposes,the
approximateresponseofpressuresinthersmjetengineto changesinfuel
flow. Theproblemissimplifiedby separatingit intotwoparts.Inthe
firstpart,theresponseafterdeadtimeistreatedby thelinearized
lumped-parametermethod.CcmsiderationisMmitedtorsmjetoperation
thatiscriticalor supercritical.Inthesecondpart,thedeadthe
occurringbetweenthechangeinfuelflowendthebegtiingofthepres-
sureresponseisdiscussed.

C!cmparisonsofthetheorytithexperimentaldataindicatethatthe
responseafterdeadtimecsmbe approximatedby a second-orderlead-lag
andthatthedeadtimecm be calculatedonthebasisofa sonicdis-
turbancepropagatingthroughsteadyflow.Thetimeconstantsofthe
theoreticallead-lagdependonthedynsmiceffectsofthediffuserter-
minal
state

shockandonthe‘%.tiesofthesignificantvolumestothesteady-
volumeflowrate.

INTRODUCTION

Recenttivestigationshavetidicatedthatthemostsuitablecontrols
forthesupersonicramjetengtieme thosethatusea pressure,orgroup
ofpressures,withtitheengineas the6pntro12.edvsriable.Inmostrsm-
Jetsthepressurewi.Jlbe controlledby meansoffuel-flowmanipul.ation.
A methcdtopredictthedynamicrelationbetweenthesetwovariablesis
of greatinterest,therefore,inthesynthesisofrsmjetcontrolsystems.

Whenconsideredinrigorousfomn,theproblenposedby thisinterest
isa fomidableone. It isconcernedwiththepropagation,reflection,
smdinteractionofpressurewavesandwiththecanplexflowpattems
builtupby thesewaves.Thevexiablesof suchflowsare,of course,. functionsofbothtimeandPOSition,andthepartialclifferentialequa-
ticmsrelatingthemarehi&y nonlfiear.Even

w
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whena flowcanbe
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treatedas onedimensional,thenonlinearity
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ofthegoverningequations
confrontsanys,ttarptto obtaina generalsolution.k fact,tliereSeems .
tobe no convenientwaytoworkwiththerigorousproblemapartfrom
stepwisenumericalcalculationofeachtransient.Themostconvenient
approachto thesenumericalcalculationsis,perhaps,themethodofchar-

—

acteristics,whichiswelldiscussedintheliterature(e.g.,refs.1
and2).

A characteristicssolutionmaynotbe warranted,however,forthe
purposeof synthesizingramjetcontrols.Sucha solutionisverytedious -t
sndtimeconsuming,anditspotentialaccul’acywillnotbe realizedun- .1

lesstheinitialconditionsofthegasflowsrewelldefinedthroughout [

theramjet.Usuallysuchdetafledinformatimisnotavailable.Further-
more,numericalcalculationsmustbe interpretedIfanunderstandingof
thegeneralproblemisdesired,andunfortunatelytheytendtohideany
propertiescommonto alltransients.

Withcertainstipulationsto ensureMaearity,ofcourse,thefunda-
mentalequationsoftransientgasflowcat-bereadilyintegrated(ref.
3). Theequationsobtainedtreatthewavephenomenainappruimateform.
Fora realistictreatmentoframjettransients,however,sucha solution
wouldbe veryccmplexand,hence,inconvenienttouseincontrol-system
design.Inaddition,interpretationofthesolutionintermsof changes
ininitialandboundaryconditionsmayagainbe verydifficult.Forcon- ●

trolssynthesis,therefore,itappearsthatfurthersimplificationofthe
problemmeritsconsideration. ..-

Thesimplificationusedinthepresentreportis.toprecludea wave
solutionaltogether.Thisisdoneby separatingtheproblemIntotwo
parts.Inthefirstpart,an approximationissoughtforthepressure
responsethatoccursoncethetiitialdisturbancewavehasreachedthe
sensingstatia. Theapproximationisobtainedby analyzingthedynamics
ofthersmjetinlumped-parameterfashia,a lumped-parwteranalysis
beingoneh whichtheflowvariablesaretreatedasfunctionsoftk
alone,ratherthanas functionsoftimeandposition.Sucha procedure,
ofcourse,permitsintegrationofthecont+ipuityequation(withrespect
topositim)withoutrecoursetoNer’s equationofmomentum.ihthe
secondpart,thedelay(deadtime)betweenthefuel-flowdisturbanceand

—

thearrivaloftheinitialpressurewaveatthesensingstationisana-
lyzed.Thisanalysisofdeadttieismadeonthebasisof scmicpropa-
gationofthewavethroughsteadyflow.

PreviousworkersinthefieldoframjetCOnp.mics,ofcomse,have
usedthelumrped-parsmetermethodofanalysis(ref.4,forinstance).In
theseworks,however,no considerationisgivento themovementofthe
diffuserterminalshockthatnecessarilyaccompsmiesanytransientcon-
ditionofthegas”flow.Forthepresentanalysis,itwaspresumedthat

~

theshocktransientmakessm importsmtcontributionto thedymmicsof
.
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theramjet.Accord@jl.y,thepositionoftheshockis
a time-dependentvariable.Therequireddefinitionof
sientisobtainedfromreference5.

3
\

treatedhereinas
theshocktran-

Intheformulationofthesimplifiedtheoryforresponseafterdead
time,onlycriticalor supercriticaloperationofthersmjetduring
transientsistreated.Thetreatientisalsorestrictedto smalltran-
sientsinordertopermitlinearizationoftheeq~tionsinvolved.In
additionto thepresentationoftheanalysis,thisreportincludescom-
parisonsofthetheorywithe~erimentaldataobtainedat thel?ACALewis
laboratory.Evaluationsaremadeforbothpartsoftheanalysis,re-
sponseafterdeadtimeanddeadtime.
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SYMBOLS

cross-sectionalareaofra@et

speedofsound

steady-statequantitiesusedineq.(8)

gainofpressureinresyonseto fuelflow

gainrelatingchangeinshockpositionto downstreampressure
disturbance

gainrelatingchangeincoldvolumeto changeh lumpedpressure

Machnumber

staticpressure

gasconstant

Laplacianoperator

statictemperature

time

gasvelocity

volume

gasfluw

fuelflow



4

x positioncoordinateinaxial

a deadtime

‘r ratioofspecificheats

P staticdensity

CJ shocktimeconstant
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direct-ion(+downstream)
.

~1 dimensionlessshocktimeconstant ‘-- ‘- ‘ -– -h

71>72
thneconstsnts

’32‘4

Subscripts:

a fuel-injectionstation ——
—

b locationof cotiustiondisturbance

c coldzone

e exhaust-nozzle

h hotzone

Ss steadystate

●

throat -—

.

—

t totalconditions

o entering.shock

1 leavingshock

RESPONSEAF!IXRDEADTIMI

Lumped-ParameterAnalysis

Thelutnped-parsmeterccmceptoftheramjetcm be explainedby ref-
erenceto figure1. As indicatedby thissketch,a “hotzone”ad a
“coldzone”areconsidered,thedivisionbeingthematiflameholding
elementofthecodustor.Theheatinputtotheengineisassumedto
occu onlyinthehotzone.Thiszone,whichextendsdownstreamtothe
throatoftheexhaustnozzle,containsa fixedvolumeof gas. Inthe

*

coldzone,however,thevolumeof gasiSt--dependent)s~ce the
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terminalshockofthediffuserformstheupstreamboundary.Withineach
zonethevariaticmofgastemperaturewithpositionisneglected,a mean
valueoftemperaturebeingconsideredineachzone.Pressureislumped
intoa meanvalueforthecambfnedhotandcoldzcmes.

Inaccordancewiththelumpedtreatmentoftheflowvariables,the
principleofmassconservationstates

d(pcVc) dPh
W1-we=dt +vh~ (1)

andifconsiderationIslimitedtoperturbationsfrcmthesteady-state
conditimthataresmall.enoughtoneglectproductsofperturbationterms,
thestatementreducestothelinearequation

wherethe A quantitiessrethesmallperturbations,andthecoefficients
ofthederivativesaresteady-statevalues.(Hereafter,only A quanti-
tiesaretime-dependent.) Theemissionoftheterm Awl fromtheequa-
tionresultsfrcmrestrictingtheanalysistorsmjetoperationthatis
criticalorsupercriticalduringtransients.By useof theLaplacetrans-
formationthislinearizedcontinuitystatenenttakestheform

-Awe(s) = PCSAVC(S) +VCSAPC(S) +vhsAph(s) (3]

Fromtheequationof statep = pRT andtheassumptionthatinthe
coldzonethelumpedvariablesof statearerelatedisentropically,the
changesb densitycanbe relatedtopressureandtemperaturechangesas
follows:

~+) =+hAP(s)- & ‘h(s) (4)

h

(5)@c(s) = ~ AP(s)

Theconditionofa chokedexhaustnozzlepermitsthechangeingas
effluxtobe relatedtothepressureandtemperaturechangesinthefol-
lowingmanner:

Awe(s)= ; Ap(s)-+ ATh(s)~h

b orderto definethechangeinthecoldvolume,an analysisof
theshockmotionisnecessary..Suchm analysisispresentedh

(6)
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reference5,wheresmallperturbationsofa normalshockinquasi-one-
dimensionalflowareconsidered.It isshowninthis,referencethatwhen
a disturbanceindownstreampressureoccurstheresultsmtchangeinshock ● -
positionisrelatedto thedisturbanceby a first-orderlag. Thetime
constanta andthegain k8p ofthislagareexpressedintermsofa
dimensionlesstimeconstant~’ as follows:

1 Ao ~t

()

a“q- AAo
o

% ~s

y+lao 1 %
%p = -— .—

47

()

%. %%=%-

S s~
. .

(Negativevd.uesof ksp de~oteupstresmmovementoftheshock.) The
dimensionlesstimeconstanta’ dependsonlyonthesteady-statevalue
oftheshockMch number~, betigdefinedinthefollowingmsnner:

Withthisinformationfranreference5,thechangeinthecoldvol-
umecanbe relatedtothelumpedpressureby theequation

..

AVC(S)= ~ & AP(s)

where

(7)

Equations(4)-to(7)cannowbe combinedwiththecontinuityexpres-
sionofeqmtion(3)to obtaina singleeqpationcontainingonlythe
changesinpressu%andhot-zonetemperatureasvariables.Thisequa-
tion,togetherwiththeassw@ion thathot-zmetemperatureandfuel
flowarerelatedquasi-statically,wLLlyieldtfiefollowingtransfer
functionforpressuretofuelflow:

%

s) =K 1 + (2B+a)s+ 2Bas2
Awf S

(8)
1 + @+C+D+a)s+ (B+C)as2

:.
.
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where
pvh

B =—
wRTh

A moreconvenientformofthetransferfunctionis
tion(8}isfactoredas follows:

7

()‘hK=~—2Th Awf~8

-%

(1+ 71s)(1+ T2S)As
Awf S

=K (1+ T3S)(1+ T4SJ

where

‘1==
‘2= 2B

obtatiedwhenequa-

(9)

T5 =
2U(B+C)

(B+C+D+U)- (B+C+DW)2- 4Cr(B+c)

T4 =
2u(B+C)

~“
(B+C+D+cr)+ (BiZ+D+U)

Accordingto lumped-parsmeterconsideratIons,therefore,there-
sponseofpressureto fuelflowtitheramJetisa second-orderlead-lag
characterizedby thetimeconstants~1>~z)73)=d ~4” ~ese t~
constmts,intuzn,~e functionsofthequantitiesB, C, and D and
theshocktimeconstanta. Theq~tities B and C canbe thought
ofasthe“fil.Mngtimes’*ofthehotsndcoldvoltanes,respectively,as
theydefinethetimesrequiredto fillthesevolumeswithgasat the
steady-statevolumeflowrate. ThequsntityD andthethe constsnt
u representtheccmtributionoftheshockto thedynsmicsoftheengine.

ThesefiJMngtimesandshock-associatedtermscanbe calculatedfor
a givenrsmjetconfigurationoncethesteady-stateflightconditionsand
engineoperatingpointarespecified.Thesintpllfieddescriptionofthe
steadyflownecessaryforthesecalculatimsisreadilyobtainable;
eitherthewellestablishedtheoryforsteadyfloworexperimentaldata
canbe usedforthispurpose.Forcomputingtheshocktimeconstantu
(aswel.lasthegain ~ tivolvedintheqpantityD) thecurveshown
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h figure2 isuseful..Thiscurve,whichisreproducedfromreference5,
givesthevalueofthedhnensionlessshocktimeconstanto’ forshock
Wch numbersranginginvaluefrom1.0to 3.0(T= 7/5).

It shouldbe emphasizedthatthetransferfunctionderivedinthis
sectiondustbe combinedwitha termfordeadthe to obtaintheccmplete
transferfunctionfortheramjet.Thecompletetransferfunctionis

%-J (1 + +(1 + Z@s)
AwfS

= Kc-a (1+ T3S)(1 + 74s)

where q isthedeadtimeatthestationof.interest.Thediscussion
ofdeadtjmefollowstheexperhnentalcorroborationoftheforegoing_
elmlysis.

ComparisonofTheoreticalandExperimentalResponses

Thelumped-parsmetertheoryforresporiseafterdeadtimehasbeen
ccmparedwiththeexperimentallydeterminedrespmmesoftworsmjets.
Theseengineswerebothfull-scaleandrepresentativeofcurrentramjet
design.Theywereconsiderablydifferent,though,insize,configura-
tion,andflightspecificationsandthussffordeda ratherextensive
checkonthetheory.Thedynamicbehavioroftheseengineshadbeen
welldefinedexperimentally.Testprogrem._hadbeenconductedinwhich
stepsorsinusoidalv=iationsinfuelflowwereimposedby meansof
speciallydesignedelectrohydraulicservosystems.Theresultantre-
sponseofpressumewasmeasuredat severalenginelocationswithinstru-
mentationsuitableforrecordingpressurefluctuationsup to100cycles
persecondinfrequency.Duringthetests,thersmjetswereoperatedin
supersonicairstresmsgeneratedby free-jetfacilities.

fithecalculationsofthetheoreticalresponses,thesteady-state
descriptionsrequiredwereobtainedbymeansofone-dimensionaltheory
inccmjunctionwiththeavailableexperimentaldata.Forsimplicity,
theassumptionwasmadethattheentireheatinputto anengineoccurred
at itsmainflameholdingelement.b thecomputationsofthelumpedval-
uesofflowvariables,thevariableswereftistdeterminedasfunctions
ofpositionintheregionbeingconsidered,.endthenthemeansweretaken
by a volume-weightingprocess.lk ordertodeterminethevaluesof the
shockt- constanta andthegain ~ foroneengtiejdesignated
ramjet1,theparametersinvolvedinthesequantitieswereaveragedover
theregiontraversedby theshock. Thiswasnecessarybecauserather
largemovem.entsoftheshockwerebeingtreated.Fortheotherengine,
designatedramjet11,theshocktermscouldbe computedfromtheinitial
conditim,sincetheshocktravelwassmall.

.
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Therespcmsescalculatedforthetwoenginesarecomparedwithex-
perimentaldatainfigure3. Thecmparism,whichispresentedinfig-
ures3(a]and(b)forrsmjetI andinfigure3(c)forrsmjetII,ismade
onthebasisoffrequencyresponse;amplituderatioand@ase shiftare
shownasfunctionsoffrequency.Theamplituderatiosaregiveninnor-
malizedform,thatis,theyhavebeenadjustedto a steady-stategainof
unity. Theresponsesfromthelumped-parametertheorywe showninthe
figureby thesolidcurves,whiletheeqerimentaldataarerepresented
-bysymbols.Thestraight-lineappr=hationsoftheamplitudecurves
aregivenasdashedlines,andthebreakfrequencies(1/2x~)associated
withthecalculatedth constantssre~icated.

Frcmthesebreakfrequenciesit isevidentthatthedynsmicsofthe
shockplayan importantroleinthetheoryfomwlated.Forinstance,
thetimeconstantTl,~ich isequivalenttotheshocktimeconstanta,
cont~ibutesstronglytotheshapeofthetheoreticalamplitudecurvefor
eachramJet.

Theexperimentallydeterminedresponsesincludetheeffectsofdead
time,ofcourse.Sincethesmplitudeccmponentofdeadtimeisalways
mity, theamplitudedataafforda directmeansofevaluatingthetheory
forresponseafterdeadtime. b plotthgthephase-shiftcurves,how-
ever,itwasnecessaryto combinethephasecharacteristicsofthelumped-
parsmetertheorywiththoseoftheappropriatedeadtimes.Thevaluesof
deadtimeusedforthispurposeweredeterminedinthestep-response
tests.Thephasecurveswithoutthisadjustmentarealsoincludedinthe
figures.

ThedataforrsmjetI infigure3(a)arepresentedforonelocation
ofthepressuretapbutforfuel-flowsinusoidsoftwodifferentampli-
tudes.Thedatashownby thecircularsy?ibolswereobtainedwiththe
fuel-flowamplitudeas smallaspractical;thesquaresymbolsrepresent
datafrcna stiusoidoflsrgeamplitude.Thefigureshowstheexperi-
mentalresultsforbothsinusoidsaredescribedreasonablywellby the
theoreticalcurves.b fact,thechangeinfuel-flowamplitudeproduced
no sizableeffectcmeitherthesmplitudeorphasecharacteristicsof
thepressurerespcmse.Cmthebasisofthisfigure,therefore,thelin-
earizationperformedintheanalysisby theassumptionof smalltransients
doesnothpairtheusefuhessofthetheory.Thetheory-be usedto
predicttheapproximateresponseforlargeaswelLas smalltransients.

Anydifferenceinresponsefromanestationtosmotherisnotcon-
sidered,ofcourse,b thelumped-parsmeteranalysis.Theextentof
errorinsucha treatmentcanbe seeninfigure3(b].Theshadedband
inthefigureindicatestheeffectofpressure-sensorlocationcmthe

. ~erimentalresultsforrsmjetI. Thiseffectisshownonlyforthe
smplitudecharacteristicsbecausethephaseeffectwaspredcminmtlydue
todead-thechanges.Thewidthoftheshadedbandata givenfrequency

.
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denotesthemaximumveriationM thesmplitude-mtiodataforstations
throughoutthe,rsmjet.(Thevariationappearedtobe ccxnpletelyrandcm.)
Thefiguretidicatesthatthetheoryprovidesa reasonableapprcximation
to theresponseatsaystationintheramjet.Furtherevidenceofthis
isshownh figure3(c),wheretheamplitudedataforramjet11arepre-
sentedfortwostationsintheengine.M thisfigurethecurveforthe
theoreticalrespcmsegivesa goodapproximaticmoftheexperimentaldata
forbothstationsovermostofthefrequencyrange.

In summaryoftheexpertientalcorroboration,figure3 indicates
thatthehmped-parsmetertheoryreasonablyapproximatestheresponseof
ramjetpressuresto fuelflow,exclusiveofdeadtire,ofcourse.Evi-
denceisgiventhatthetheorymaybe usedforpressuresthroughoutthe
enginesmdforlargeaswellas small.disturbancesinfuelflow. It is
believedthatthetheoryissufficientlyaccuratetobe usefulinthe
desi~ ofremjetcontrols.

Iwmr.ME’
Thedeadtimeintheresponseoframjetpressuresto fuelflowcon-

sistsoftwodelays:first,thetimerequiredforthefuel(injectedat
a newrate)totravelfromtheinjectionstationto itsplaceofburning
intheccmhustionchamber,andsecond,thetimespentby theresultant
pressurewaveinpropagatingfrcmtheccmlymtiondisturbancetothe
pressure-senstigstation.Thereappearstobe nowayto locate,by ----
Qticalmeans,theplaceintheconibustionchamberwherecombustionis
disturbedandthepressurewaveoriginates.Experimentaldatatidicate
thelocationtobesomedistancedownstreamofthemainflameholder;
however,thedistancedependsontheinitialstateofthegasflow,the
sizeofthefuel-flowchange,andwhetherthefuelflowwaslucreasedor
decreased.Fortunately,theerrorcausedbythisuncertaintyIsusually
smallincomparisontothedeadthnesbeingcalculated.Therefore,an
approximatelocationmaybe used.ForrsmjetsI andIIthedistancewas
assumedtobe one-thirdofthewayfrcunthemainflameholdertothenoz-
zlethrat. —

Onceu approximatelocationhasbeenselectedforthecombustion
disturbance,thecalculationofdeadtimebecomesessentiallya problem
ofdeterminingthegasvelocitiesandthesonicvelocitiesintheengine
forsteady-stateoperation.Thefuelisconsideredto travelatthe-ve-
locitiesofthegas,andthepressurewaveisassumedtopropagateat
sonicvelocitiesrelativetothegas. Theassumptionthattheseveloc-
itiessrethoseofthesteadystateis,ingeneral,a small-perturbation
treatment;forthegeneralproblemrelatingto controlresponse,of
course,thefuel-flowchange~ be preceededby t~sient fl~
conditions.

.
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Deadtimemaybe definedintermsofthesteady-statevaluesofthe
gasvelccityu ad sonicvelocitya asfollows:

(lo)

where a‘ isthedeadtimeat staticm x, ~ isthefuelinjection

staticm, and ‘b isthestationofccmbusticmdisturbmce.Theveloc-
ity u isthecomponentinthex-direction,andthevalueof x iscon-
sideredto increaseinthedownstreamdirection.Theplussi~s apply
when x is~eaterthn xb~ andtheminussignssretobe usedwhen x
islessthan ~.

MethcdsforcalculatingtheVelocitiesu ud a forsteadyflow
srewell.lumwnandneednotbe discussedhereti.Thetablesofrefer-

g ence6 areveryconvenientforthispurpose.Oftenthetheoryforthese
s calculationscanbe supplementedby experimentaldata. Thiswasdone
+ inthevelocitycalculationsforramjetsI andII;saneexper~ntal

~
pressureandtemperaturedatawereusedinccmjunctionwithme-
dimensionaltheo~. Inaddition,as inthecalculationsforthelumped-. parameterresponse,itwasassumedforsimplicitythatsteady-statecan-
bustionoccurredonlyatthemainfMmeholders.

.
ThedeadtimescalculatedforramjetsI smdIIarecomparedinfig-

ure4 withthosedeterminedexperimentallydurtigthestep-response
tests.Thedeadtimesaregivenfortheregionofeachenginedownstream
ofthenormalshock.Thecalculatedvariationofdeadtimeinthisre-
gim isshownbythecurve,andtheexperimentaldataarerepresentedby
thesymbols.ForrsmjetIIthedataaregivenforbotha stepincrease
ad a stepdecreaseinfuelflow.ForramjetI therewasno separation
ofthedatawiththedirectionofthestep.

As can be seen in figure4, thecalculateddeadtimesagreereason-
ablywell,ingeneral,withtheexperimentalvalues.Scm.edeviation,
however,canbe seenforrsmjetII (fig.4(b)).Forthisengtie,in
whichthedatadependonthedirectionofthefuel-flowstep,thecal-
culatedcurveagreesbetterwiththedeadtimesmeasuredfora stepin-
creasethanwiththosemeasuredfora stepdecrease.Thedeviationof
thecurvefromthestep-decreasedatais,mostpronouncedforstations
downstreamoftheflsmeholder.Forstationsupstreamoftheflameholder,
thecurveandthestep-decreasedataareInfairagreement.
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CONCLUDINGREMARKS

Forcriticalor supercriticaloperationof
thatdisturbancesinfuelflowprovokepressure
of deadtime,canbe describedapproximatelyby

thersmjet,it appears
..

responsesthat,exclusive
a second-orderlead-lag

functionobtainedfromlumped-parameterconsiderations.Thes,pproxima-
tionisconsideredsufficientlyaccuratetobe usefultothecontrols
designer>ThetimeconstantsQf thetheoreticallead-lagarecompletely
determinedby thegeometryof theramjetanda simplifie~descrip~io~of”
thesteady-flowconditionsprecedingthetransient.Thesetimecon-.
stants,therefore,canbe readilycalculatedwiththeuseofsteady-state
dataorwellestablishedflowtheory.

Thetimeconstantsarecomposedoftermsthatdescribethefilling
timesoftheramjetandthedynamiceffectsof thediffuserterminal
shock. Fillingtimereferstothetimerequiredto filla significant
volumeintheengineat thevolumeflowratethatexistsinthesteady
state.Thedynamiceffectsof theshockresultfromthetransientin
shockpositionthataccompaniesthepressureresponse,theshockpsition
beingdynamicallyrelatedtothepressure>y a first-orderlag.

Thecompletetransferfunctionrelatinga ram,jetpressurep to
fuelflow wf isobtainedbymultiplyingthesecond-orderlead-lag
functionby thetermforthedeadtimeat thestationinvolved.The
completetransferfunctionis

+-JA s) . ~e-as(1+~~s)(l+~zs)
AwfS (1 +T3S)(1+T4S)

where u is thedeadtime,-~, ~, T3,and %4 arettieconstants,~
is thegain,and s is theLaplacianoperator.Thedeadtimecanbe
calculatedoncetheplaceof thecombustiondisturbance.hasbeenlocated
withreasonableaccuracy.The”fuelcanbe=consideredto travelfromthe
injectorto thisplaceof disturbanceat me steady-stategasvelocities;
theresultantpressurewavecanbe assumedto propagaterelativeto the
gasat the steady-statesonicvelocities.

LewisFlightl?ropulsionLaboratory
NationalAdvisoryComnitteeforAeronautics

Cleveland,Ohio,August16,1957
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Figure 4. - Comparison Of calculated and e~erimental
flow. Diffuser tatal-presmre recovery, 98 percent
fuel flow, 10 percent of critical fuel flow.

dead times of pre~mre to f’uel
of critical; step change in

1-
W


